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1. SUMMARY 

The lower e s t e r s  were  evaluated as possible electrolyte solvents 

for  lithium-anode p r imary  cells. 

with L1C104 electrolyte were  obtained for  five solvents. 

conductivity was recorded for a 3 .  OM solution of LiC10, in  methyl 

formate,  which had the value of 3. 2 x l o m 2  ohm’’ cm”’. 

the maximum conductivity of LiC104 solutions decreased with in- 

creasing molecular weight of the solvent. 

Conductivity-concentration data  

The highest 

In generals 

The stability of lithium metal in the e s t e r s  and in  solutions of LiC10, 

in the e s t e r s  was studied. With the solvent alonep n-butyl formate 

appeared completely inert; and only ve ry  slow gassing was observed 

with methyl formate and methyl acetate.  

solvents, a white film could be observed on the Li surface after 

five days of exposure. With LiC104 solute, n-butylformate gave 

a rapid reaction; and the reaction with methyl acetate was a l so  

accelerated; no difference in behavior was observed in  the methyl 

formate tes t s  between presence and absence of the solute. 

In the case  of the last two 

Cell t es t s  with severa l  types of electrode construction and a number 

of electrochemical systems were  performed. 

carbon-paper cathode construction were  undertaken; also,  e lectrodes 

having plastic binders for  the active ma te r i a l  were  studied. 

effect of these modifications was not fully evaluated in the presence  

of l a rge  variability in performance between replicate cells.  

Modifications to the 

The 

In testing cel ls  having balanced theoretical  electrode capacit ies,  

the sys tem Li/CuF2 with methyl formate - LiC104 electrolyte showed 

the bes t  performance with respect  to energy density, the highest 
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figure obtained being 130 watt hours  p e r  pound at the 40-hour ra te .  

In general, electrochemical efficiencies of the cathode were  in the 

range of 50 to  70 per  cent with methyl formate  electrolyte solvent, 

while those with butyrolactone were  generally in  the range of 20 to 

30 per  cent. 

Of the other systems studied, ' Li/MnOz showed ability to discharge 

af ter  a two-week open-circuit stand with butyrolactone - LiC104 

electrolyte. The potential usefulness of this sys tem appears  to 

be limited by the failure of the mater ia l  to reduce to the $2 state 

in  the electrolytes employed. 
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2. INTRODUCTION 

The purpose of this program is  to develop a p r imary  bat tery sys tem 

having a minimum energy density of 200 watt hours  pe r  pound. The 

present  repor t  descr ibes  the activity and test resu l t s  obtained during 

the first th ree  months of the cur ren t  program. 

In view of the high energy density requirement for  the system, only 

electrode mater ia l s  having low equivalent weights can  be considered. 

On the basis  of ea r l i e r  tes t  results reported by this laboratory and 

other investigators,  lithium appears  to be the m o s t  promising anode 

reactant;  although other possible mater ia l s ,  such as calcium, have 

not been extensively investigated. 

metal l ic  lithium dictates the use of aprotic electrolyte solvents in 

the system. Numerous electrolyte sys tems have been studied by 

this contractor under the preceding program (NAS 3-2775, Final 

Report No. CR-54083) by measuring their conductivity and decomp- 

osition potential. 

The strong reducing action of the 

Several  cathode mater ia l s  have been considered for  use  in a high 

energy density system. 

ciently high theoretical  energy density to war ran t  their  consideration 

as the cathode active mater ia ls .  

t ives and copper fluoride positives can be calculated to posses s  a 

theoretical  capacity of 211 ampere hours  p e r  pound of the active 

The heavy metal  halides possess  a suffi- 

A cell consisting of lithium nega- 

mater ia l s .  In some solvents, such a s  butyrolactone, the potential 

of the couple has  been observed to be in  the range 3. 3 to 3. 5 volts. 

Assuming an  operating voltage of 3.  0 volts, the theoretical  energy 

capability of the sys tem can be calculated to be 3 . 0  x 211, o r  6 3 3  
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watt hours p e r  pound. 

per  pound, an  overal l  efficiency of (200  x 100)/633, or  3 2  p e r  cent. 

would be required. 

systems,  ( s ee  the Appendix), some of which a r e  not necessar i ly  

designed f o r  high energy density, this f igure does not appear to be 

out of reach. 

effort was concentrated on studying the performance of the Li-CuFz 

couple. It was recognized, however, that  cathode mater ia l s  giving 

higher theoretical energy contents a r e  highly desirable ,  provided 

that their  kinetic propert ies  a r e  acceptable. Therefore.. t h e  s ea rch  

for  other cathode mater ia l s  was continued during the quar te r  la 

source of alkali metal  superoxides was located). 

F o r  an energy density of 200 watt hours  

On the bas i s  of per formance  of other p r imary  

In view of this, a substantial portion of the present  
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3. DISCUSSION O F  EXPERIMENTAL WORK 

3.1.  ELECTROLYTE SYSTEM STUDIES 

In o r d e r  to be considered to r  the construction of high energy density, 

lithium-anode p r i m a r y  cells, an electrolyte solvent mus t  satisfactorily 

meet severa l  requirements,  among which stability in the presence of a 

lithium metal  anode and a cathode mater ia l  such a s  CuF2, a suitable 

liquid range, and formation of sufficiently conductive solutions with 

stable electrolytes appear to be of p r ime  importance.  Other prop- 

erties, such as $ow viscosity, low dissolution of cathode mater ia ls ,  

low affinity for  water ,  and compatibility with common mater ia l s  of 

construction appear to be highly desirable .  

In selecting candidate solvents, severa l  c r i t e r i a  a r e  useful and a re ,  

in  general ,  available in  the 'literature for  the m o r e  common mater ia l s ;  

these c r i t e r i a  include the structural formula (indication of the degree 

of aproticity), liquid range, molecular dipole moment  and dielectr ic  

constant, and solubility in water. Some data for  the lower e s t e r s  

are presented i n  Table I. 

TABLE I 

Phvsical  ProDerties of 

Ester 

Methyl Formate  

Ethyl Formate  

Methyl Acetate 

Ethyl Acetate 

n- Butyl Formate  

Butyl Butyrate 

Ethyl Acetoacetate 

Sp.Gr. 

0.  98 

0.92 

0 .93  

0.90 

0 . 9 1  

0.87 

1.02 

M.P.  

-99°C 

-80" 

-98" 

-84" 

-90" 

-91 " 

<-80"  

Some Esters 

Solubility , 
Dielectric g r a m s  p e r  

B. P. Constant 100 ml of HZO 

t 31°C 8. 5 30 .4  at 20" 

t 54" 7 . 1  11.8 a t  25" 

t 57" 6 . 7  31.9 at 20" 

t 77" 6 . 0  8 .6  at 20" 

t107" 6 . 4  sl. s 

t166" sl. s 

t180" 15 .7  1 4 . 3  at 16" 
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Tests  described in the following sections were  performed with ei ther  

”spectroquality“ reagents a s  received (the lower e s t e r s ) ,  o r  with 

liquids dried by agitation with CaO fo r  a per iod of a t  l ea s t  th ree  days. 

The solutes were  obtained i n  the anhydrous condition f rom the 

manufacturer and were  used as received. 

3 . 1 .  1. Conductivity of Solutions of LiC104 in the Lower E s t e r s  

Conductivity-concent ration data were  obtained for solutions of LiC104 

in five of the l o w e r  e s t e r s  over the concentration range of 10 -500  

g rams  of solute/100 ml of solvent (ca .  0 .1  - 5.0 Molar),  the resu l t s  

a r e  presented i n  Figures  1 and 2, pages 7 and 8. 

The most  conductive solution was formed with methyl formate,  

having a value of 3. 2 x l o o 2  ohm-’  c m ”  a t  a concentration of 30 

grams  of LiClO,/lOO ml  of solvent. 

maximum conductivity of the Li C104 solution decreased with increas  - 
ing molecular weight of the solvent. 

F o r  the other e s t e r s ,  the 

3. 1 .  2.  Solubility of Various Salts in Ethyl Acetate 

Attempts were made to dissolve other salts  in ethyl acetate, those 

being AICB3, MF3, LiCl,  LYE, KI,  and KSCN. I n  all cases ,  the 

solubilitv was l e s s  Than 0 . 2  grams/100 ml  of solvent; and the specific 

conductance of the saturated solutions was l e s s  than l o z 4  ohm-’ cm-’. 

3 .1 .  3 .  Stabilitv of the Lower E s t e r s  i n  P resence  of Metallic Lithium 

Stability of the e s t e r s  was studied by immers ing  lithium metal  in  both 

the pure solvent. and in sol i~t ions of LiC101 in  the solvent. 

were  allowed to stand at  room tempera ture  in  closed tes t  tubes4 and 

These sys tems 
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TABLE I1 

RESULTS O F  LITHIUM STABILITY TESTS 

LITHIUM STABILITY 

SOLVENT SOLVENT ONLY LiC10, SOLUTION 

Methyl Formate 

Methyl Acetate 

Ethyl Formate 

Ethyl Acetate 

Slow gas evolution on 
Li surface,  inhibited present .  
by stoppering of t e s t  
tube. White deposits 
a r e  formed. 

Same as with no solute 

Same a s  the above, ex- Gassing m o r e  rapid 
cept that stoppering of than without solute. 
t e s t  tube appeared to 
stop gas evolution. 

Di s c ol o r  ation of liquid 
in  48 hours  (yellow); 
brown deposit on Li. 

No Test 

Yellow deposit on Li 
after 24 hours  Li in 1 2  hours .  

Yellow deposit on 

n-Butyl Formate No visible reaction Rapid reaction, heavy 
discoloration af ter  30 
minutes.  

products af ter  5 days 

Butyl Butyrate Yellow deposit on Li No Tes t  
af ter  24 hours .  

Ethyl Acetoacetate Immediate reaction; No Tes t  
mixture  gelled after 
30 minutes.  

I 
I 
I 
I 
I 
I 
I 
1 
I 
1 
I 
I 
1 
I 
I 
I 
I 
I 
1 
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Solutions of LiC104 in acetone had the highest conductivity ( 5  x lo - '  
ohm'' cm-') of all organic electrolytes tes ted in this laboratory.  

However, the solvent is sufficiently unstable i n  presence  of lithium 

metal  to make discharges longer than about the ten-hour ra te  im- 

practical .  Hence, a different anode ma te r i a l  would be necessary  

in an acetone electrolyte cell .  

The relative electrode potentials in  acetone were  measured  for 

lithium, calcium, magnesium, aluminum, zinc, and copper by 

immersing the meta ls  in a 1 . 4 M  LiC104-acetone solution and 

measuring the potential difference. 

supported on expanded nickel screen;  the other meta ls  were  used 

without support. 

VTVM and were  found to be reproducible using various combinations 

of the electrodes. 

shown in  Table 111. 

The sample of lithium was 

The potentials were  measu red  with an 11 -megohm 

The potential values measured  in  this t e s t  a r e  

TABLE I11 

Metal Electrode Potentials in Acetone 

Electrolyte: 1.4M LiC104 

El e ct  rode 

Nil Li 

P ot entia1 

0 

Ca t o .  7 

Mg t 2 . 0  

A1 +2.3 

Zn +2.8 

c u  t 3 . 3  

I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
1 
I 
I 
i 
II 
1 
1 
I 
r ' 
4 
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3 . 1 . 6 .  Comparison of Aqueous Electrode Potentials with Potentials 
in  Other Solvents 

To date, relatively l i t t le is known about electrode potentials In non- 

aqueous solutions. P lo ts  comparing various non-aqueous oxidation 

potentials to standard aqueous potentials w e r e  made  and a r e  presented 

in F igures  4a to 4f s tar t ing on page 14. 

Figure 4a is a plot of oxidation potentials i n  liquid ammonia a s  

provided by Jolly' ve r sus  the s tandard aqueous oxidation potentials 

f rom Lat imer .  It appears  f rom Figure  4a and the succeeding five 

figures3 that electrode reactions of the elements may be separated 

into two categories,  each of which constitutes a l inear  relationship. 

Copper, lead, s i lver ,  and mercu ry  show some indication of shifting 

f rom Category A t o  Category €3, depending upon the solvent in  question. 

The two l inear  relations tend to converge in the region of the alkali  

and alkaline ear th  methals .  Tentatively, i t  would appear that many 

of the electrode potentials i n  a solvent might be predicted with 

reasonable accuracy f rom a knowledge of the potential of lithium 

in  the same solvent as indicated by line A of Figure 4a (the normal  

hydrogen electrode is considered at zero  potential in both solvents). 

The potentials of the alkaline ea r ths  and the halogens (l ine B, Figure 4a) 

would appear at this t ime to  requi re  a knowledge of two potentials 

within the group; s ince H2 with ze ro  potential does not fall on this  line. 

'Journal - of Chemical Education, Volume 3 3 ,  No. 10  (October 1956) p. 514. 

'Wendell M. Lat imer ,  Oxidation Potentials,  Second Edition (1952). 

3 R ~ g e r  Pa r sons ,  Handbook - of Electrochemical Constants (1959) p. 7 3 .  
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Figure 4b 
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Figure 4 C  
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3.2 .  CELL SYSTEMS STUDIES 

Three-plate pr i smat ic  (flat) cells having an electrode a r e a  of about 

30 cm2 were constructed and tes ted f o r  discharge charac te r i s t ics .  

Some of the cells were  designed for  the study of cathode efficiency 

and had a large excess  of negative capacity. 

nated "experimental" and have the prefix "E" in the numbering 

sequence. 

with balanced electrode capacit ies,  and had theoretical  cathode 

capacit ies approximately equivalent to that of the two anodes. 

cel ls  a r e  designated "laboratory, " and have the pref ix  "L" in  the 

numbering sequence. 

These ce l l s  a r e  desig- 

Other cells were  designed to study their  performance 

These 

3.  2. 1 .  Electrode Construction 

The lithium negatives were  constructed by pressing s t r ip s  of the 

metal  having a thickness of 1 / 16 inch onto expanded nickel support  

a t  about 100 pounds p e r  square inch. 

was 0. 5 grams giving a theoretical  capacity of 3 .  8 AH for  the two 

anodes . 

The active ma te r i a l  weight 

The cathode active mater ia l  was prepared  by severa l  methods. 

l a rges t  number of electrodes were  built with mater ia l  p repared  by 

dry-mixing carbon, paper pulp, and the active mater ia l  i n  a weight 

ration of 1 : 1 : 12. 

with an expanded nickel support and compressed at 250 - 1 ,  000 

pounds p e r  square inch. 

The 

This mater ia l  was placed i n  a s tee l  mold together 

A modification of the above cathode construction consisted of mixing 

the carbon, paper, and active mater ia l  with perchloroethylene, p ress ing  

the wet pad between f i l ter  papers  at about 10 pounds p e r  square  inch 

1 
I 
I 
B 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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and vacuum drying. 

MnO, and other easily dried cathodes; the resulting mix  was 

p re s sed  and vacuum-dried as with perchloroethylene mix. 

Water was used as the mix  vehicle in building 

Finely divided polyethylene (Microthene) and a soluble r e s in  (Gantrez 

119) were  ball-milled with carbon and the active mater ia l ,  and 

plates were  made by pressing o r  sintering the mix onto the expanded 

metal support. 

been performed to date. 

Only initial studies i n  this type of construction have 

3. 2. 2. Cell Construction 

The three-platey outside negative t e s t  cel ls  were  constructed as 

shown in  Figure 5, page 22. The negatives were  always assembled 

with the nickel-free s ide of the electrode facing the positive, since,  

in  ea r l i e r  tes t s ,  shorting through the separation between the anode 

and the cathode at the locations where the negative support  was exposed 

to the positive had occurred.  

Separation in all cel ls  was vacuum dr ied  "Efficiency No. 1698" 

blotter paper,  which has  a thickness of 0. 025 inch. The assembled 

element was heat-sealed in a polyethylene envelope and supported 

vertically between blocks of wood in a t e s t  rack.  

3 .2 .  3.  Discharge Tests  

The majori ty  of the discharges were  performed at constant current ,  

cell voltages being monitored continuously by a s t r ip  char t  vol tmeter  

(Brown "Electronik"). 

except fo r  some ce l l s  having methyl formate as the electrolyte solvent, 

The runs w e r e  made  at room temperature ,  



-22- 

S d  

X w 



-23- 

which were  run at lowered temperatures  (5"  G - 40" C)  in o rde r  to 

avoid rapid vaporization of the solvent. 

The cells were  activated via a hypodermic needle. 

open-circuit potential, the discharge was s tar ted within one hour 

f rom addition of the electrolyte. The la teral  compression of the 

cel ls  was increased  by introdwing space r s  i n  the assembly until 

discharge voltage showed no change with increasing compression. 

In mos t  cells? this was achieved with light force applied by hand 

(measurements  of the la teral  force  required were  not obtained). 

After recording 

At the end of the discharge (usually at 0 volt), %he cells w e r e  

disassembled and the components were  inspected. 

3.2.4. Cell Discharge Results 

The resul ts  of the discharge tes t s  a r e  summar ized  in Tables IV 

and V, pages 27 to 38; and a code for  the abbreviations used in 

these tables is given on page 26. 

The anode and cathode capacities l is ted in  the tables a r e  based on 

complete oxidation and reduction of the available active mater ia l s ;  

in  the case  of sulfur, reduction to sulfide ion is assumed. 

The electrolyte solutions listed were  a t  a concentration giving 

optimum conductivity for  the system. With methyl formate,  the 

concentration of LiC104 solutions was 2. 2 M, while i n  butyrolactone 

it was 1 . 5  M. 

Special modifications to cathode construction, electrolyte composi- 

tion, o r  cell construction a r e  given in the "Remarks" column of 
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the tables. 

f rom room temperature ,  open circuit stand t ime before discharge 

when longer than one hours  3nd, f o r  some cel ls ,  electrochemical 

efficiency expressed i n  percent of total theoretical  cathode capacity, 

and watt hohrs per  pound of total cell weight. 

This column a lso  l i s t s  discharge tempera ture  i f  different 

T o  date? cell capacitv studies have been mainly of an exploratory 

nature. Evaluation of the effect of construction factors  on discharge 

character is t ics  is  still affected bv a l a -k  of reproducibility of cell  

pe rformanc e 

Electrochemical efficiency of up to 100 p e r  cent was demonstrated 

with the paper carbon Iathode construction ( N i F 2 " 4 H 2 0  in acetone) 

at about the 10-day discharge rate .  

was a s  high a s  70  pe r  cent i n  mrthyi  formate.  

this f igure did not exceed 30 per  cent. although values of over 

50 per  cent have b e e n  obtained i n  ea r l i e r  work. 

the cathode did not appear to affect discharge eff~ciency,  the 8-gram 

cathodes showed an efficiency s imi la r  to that of the 3-gram plates.  

Also, capacitv did not appear to depend on the discharge r a t e  over 

the 40 to 250 hour range. 

Efficiency of CuFz cathodes 

In butyrolactone, 

The thickness of 

At the present3 the CuF, c e l l s  wirh methyl formate electrolyte a r e  

yielding the highest watt hours  p e r  pound figures:  also,  they show 

the lowest polarization with load. 

to be limited' however, b y  the action of the solvent on the lithium anode 

and by the apparent solubility of the cathode m a t e r ~ a l  in the electrolyte, 

to a delayed action type of application. 

The utility of this sys tem appears  

The discharge charac te r i s t ics  of the CuF2-Li system at room tempera-  

tu re  with methyl formate electrolyte is shown in Figure 6,  page 39; 
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the effect of lowered temperature  on the system is shown in 

Figure 7,  page 40. The shape of the discharge curve is character-  

i s t ic  of dry-mix CuF, cathodes and the M F  solvent at the discharge 

r a t e  employed. 

was 130 watt hours  p e r  pound of total cell  weight, which, to date, is 

the highest f igure obtained on the present  program. 

The energy density for  the cell  i l lust rated in  Figure 6 
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CODE TO TABLES IV AND V 

PP 

BP 

MPR 

PVC 

P E  

M F  

BL 

AC 

M P  

DMSO 

EA 

BF 

K-D1C 

TTLCA 

- Paper Pulp  

- Blotter P a p e r  

- Microporous Rubber 

- Polyvinyl Chloride 

- Pol yethyl ene 

- Methyl Formate  

- Butyrolactone 

- Acetone 

- n-Methvl 2-Pyrrolidone 

- Dimethyl Sulfoxide 

- Ethyl Acetate 

- Butyl Fo rma te  

- Pot  as s ium Dic hlo r oi s ocyanur a te  

- Trichloroi socyanuric Acid 

Na- DI C - Sodium Di chlo r oi so c yanur ate 

I 
I 
I' 
I 
I 
I 
I 
I 
1 
I 
I 
1 
I 
1 
I 
I 
I 
I 
1 
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I 
TABLE IV 

SUMMARY O F  

E -  1 

E-, 2 

E- 3 

E- 4 

E- 5 

E -  6 

E-  7 

E- 8 

E- 9 

E - 1 0  

E-11 

E - 1 2  

E-13 

E-14 

E-15 

E-  16 

E- 17 

E-18 

E-19 

E-20 

~~ ~~ ~ 

CU612 PP 3 0  1 , 0 2  

CUCl2 PP 3 .0  1 . 0 2  

c u  Cl* PP 3 .0  1 . 0 2  

cuc1, PP 3 *  0 1” 02 

c u  Cl2 PP 3”  0 1 - 0 2  

CUCl2 PP 3 . 0  1 . 0 2  

C U F ~  PP 3 .0  1 . 3 5  

C U F ~  PP 3.0 1 . 3 5  

C U F ~  PP 3 .0  1 . 3 5  

C U F ~  PP 3 .0  1 .35  

CUCl2 PE 3 . 5  1 19 

CUCl2 PE 3.5 1 .19  

CUC12 PE 3 .5  1 . 1 9  

CUFZ PP 3 . 5  1. 58 

CUF, PP 3 . 5  1 .58  

C U F ~  PP 3, E! 1 ,  58 

C U F ~  PP 3 ”  5 1. 58 

C U F ~  PP 3 . 5  1. 58 

C U F ~  PP 3 . 5  1. 58 

K-DIC PP 1 . 0  

A N O D E  

Li 1 . 0  3. 8 

Li 1 . 0  3 . 8  

Li 1 . 0  3. 8 

Li 1 . 0  3. 8 

Li 1 . 0  3 . 8  
~ ~~ 

Li 1 . 0  3. 8 

Li 1 . 0  3. 8 

Li 1 . 0  3, 8 

Li 1 . 0  3 .8  

Li 1 . 0  3. 8 

Li 1 - 0  3 .8  

Ll 1 . 0  3.8 

Ll 1 . 0  3. 8 

Li 1 .0  3 .  8 

Li 1 - 0  3 .  8 

Li 1 . 0  3.8 

Ll 1 . 0  3 ”  8 

Li 1 . 0  3. 8 

Li 1 . 0  3 .  8 

Li 1 . 0  3 0  8 

SEPARATION I 
I i 

rn 
a, 

BP 

BP 0 .6  

BP  

BP 0.6 

BP  

BP 0 . 6  

BP 

BP 0 .6  

BP  

BP  0 .6  

O e 6  I BP 

BP 0 .6  

0 . 6  

BP 0 .6  

o - 6  I 
O e 6  I 

BP 

B P  0 . 6  

BP  

BP 0 . 6  

1 
I 
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' 'EXPERMENTAL' '  CELL DATA 

I ELECTROLYTE 

I c 

U 
U 

BL LiC10, 4 . 4  

I BL LiC104 4 . 4  

EA LiC104 4 . 0  

EA LiC104 4 . 0  

M F  LiC104 4 . 2  

M F  LiC104 4 . 2  

BL LiC104 5 . 0  

BL LiC104 5 . 0  

EA LiC104 5 . 0  

EA LiC104 5.0 e 
BL LiC104 4 .0  

BL . L1C104 4 .0  I 
LiC104 4 . 0  

LiCIOl 5 .0  
I BL 

BL 

BL LiC104 5 .0  

BL Li6104 5 . 0  

L1Cl04 5 . 0  

LiC104 5 s 0  
I BL 

M F  

LiC104 5 . 0  I MF 
BL LiC104 10 .0  

3 .6  25 2 .8  0 4.6 

3 . 5  25 2. 8 0 4 .1  

3 . 4  25 2 . 8  0 5 . 3  

3 . 4  25 3.0 0 5 . 1  

3 . 2  25 2. 8 0 9 .8  

3 . 2  25 2 .8  0 6 . 2  

3.6 25 3 . 4  0 1 2 . 3  

3.6 25 3 .4  0 15.  1 0. 38 

3 . 7  25 3 . 4  0 22 .0  0 . 5 5  

3 .7  25 3 . 4  0 22 .0  0 . 5 5  

3 . 2  10 1 . 8  0 3 . 5  

3 . 2  10 1 . 8  0 0 . 7  

3 . 2  10 2.6 0 8.8 

3.6 25 3 . 2  0 6 . 0  

3 . 5  25 3 .2  0 8.4 

3. 5 25 2 . 9  0 8 . 4  

3 .5  25 2 .8  0 8 .8  

i o  0.8 0. 18 . 

10 2.4 0 .  15  . 

4.1  25 3 .5  0 5 . 2  

REMARKS 

Solvent lo  s s 

Solvent lo s s 

23% cathode efficiency 

2870 cathode efficiency 

4 170 cathode efficiency 

41 70 cathode efficiency 

Pos. s in t e reda t  350°F.  , 
Pos. s in t e reda t  350°F.  

Pos. s in t e reda t  350°F.  , 

, 

~ a . m .  :PP:C = 24:3:1 

1.m. :PP:C = 24:3:1 , 

'-40" C I , 
I 

Solvent l o s s  



TABLE IV 

SUMMARY O F  a 

E-21 

E-22 

E-23 

E-24 

E-25 

C A T H O D E  

TI CA PP 3 . 0  

S PP 3 . 0  3. 13l 

TICA PP 3.0 

A1 F 3  PP 4" 0 4. 30 

Na-DIC PP 4 . 0  

E-26 

E-27 

E-28 

E- 29 

E- 30 

I 

c u s  PP 5 . 0  1 . 9 7  

@US PP 5 .0  1.97 

S PP 4 . 5  3. 50' 

Hg2S04 PP 2.5 0 .  19 

MnOz PP 5 . 0  1-  08 

E-31 

E-32 

E-33 

E-34 

E-35 

C U F ~  PP 3.0 1 .35  

C U F ~  PP 3 . 0  1 .35  

C U F ~  PP 3 .0  1 .35  

C U F ~  PP 3 .0  1 .35  

CUF 2 PP 3.0 1 .35  

E- 36 

E-37 

E- 38 

E-39 

E-40 

A N O D E  

CuF 2 PP 3.0 1 . 3 5  

c u s  PP 3 . 8  1. 51 

mDNT PP 2.0 0.  13  

C U F ~  PP 4 . 5  2. 04 

NiF204H20 PP 4 .0  1. 03 

Li 1 . 0  3. 8 

Li 1 . 0  3. 8 

Li 1 . 0  3. 8 

Li 1 . 0  3 .  8 

Li 1 . 0  3. 8 

Li 1 . 0  3. 8 

Li 1 . 0  3. 8 

Li 0 . 5  1 . 9  

Li 0 . 5  1 . 9  

Li 1 . 0  3. 8 

Li 1 . 0  3 . 8  

Li 1 . 0  3. 8 

Li 1 . 0  3. 8 

Li 1 . 0  3 .8  

Li 1 . 0  3. 8 

Li 1 . 0  3. 8 

Li 1 . 0  3 . 8  

Li 1 . 0  3. 8 

Mg 1 . 6  3 . 2  

Li 1 . 0  3. 8 

SEPARATION 1 

0.6 

B P  

B P  

B P  

BP  

B P  

B P  

B P  

B P  

B P  

B P  

0 . 6  

0 .6  

0 .6  

0 .6  

0 .6  

B P  

B P  

BP 

B P  0.6 

B P  0 . 6  

B P  0.6 

BP  

BP  0 .6  

B P  

B P  0 .6  
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ELECTROLYTE 

EA LiC10, 8 . 0  

LiClO, 8 . 0  I EA 
EA LiC104 8 . 0  

Li C1 8. 0 t BL 
BL KSCN 8 .0  ~ 

BL KSCN 8 . 0  

BL KSCN 8 .0  

LiClO, 8 . 0  

LiClO, 6 . 0  

LiC10, 8 .0  

E BL 
BL 

M F  LiClO, 5 . 0  

LiC10, 5 .0  

B F LiC104 5 .0  

LiC10, 5 .0  

M F  LiC104 5.0 

M F  LiClO, 5.0 

BL LiC10, 9 .0  

8 BL LiC104 6 . 0  

AC MgClO, 6 . 0  

BL LiC104 6 .0  

4 .1  5 3.1 2.0 4 . 0  

3 . 3  15 2.6 0 13.0 0.  22 

4. I 15  3 .1  0 17.0 

2.6 5 2.3 0 . 3  22.0 0.11 

4 .1  5 3 .3  0 13. 0 
~~ 

2 . 9  25 2.6 0 7 . 0  0.17 

2 . 9  25 2 . 6 .  0 9.0 0.22 

2 . 6  5 2.6 0 44.0 0.22 

3.4 5 3.1 0 . 3  37.0 0.18 

2.9 5 3.0 0 20.0 0.10 

3.6 25 3.3 1 . 7  37.5 0.94 

3.6 25 3.3 0.7 37.5 0.94 

3 . 6  10 3 . 0  0 14. 1 

3 .6  25 3.1 0.. 7 14.0 * 

3. 3 5 3.2 0 . 7  192.0 0.96 

3 .  3 5 3.2 1 . 4  192.  0 0.96 

3 . 0  5 2 .6  0 107.0 0.53 

2 2.2 1 . 7  13. 5 

1 . 5  25 1 .5  0.6 17.0 0.42 

2 .9  10 2.5 0 37.8 0. 38 

REMARKS 

Pos. grid (Ni) cor roded  

Pos. gr id  (Cu) cor roded  

Pos. gr id  (Ni) cor roded  

9570 cathode efficiency 

7070 cathode efficiency 

7070 cathode efficiency 

Test .  temp. : -40" C. 

Test .  temp. : -40°C. 

35% cathode efficiency 

3 7 70 cathode efficiencv 
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SUMMARY O F  

4 
d 
a, u 

E-41 

E-42  

E-43  

E -44  

E-45  

E-46 

E-47  

E- 48 

E-49  

E-50 

E- 51 

E-52  

E-53  

E- 54 

E-55 

E- 56 

E- 57 

E- 58 

E- 59 

E-60  

C A T H O D E  

N1F2'4Hz0 PP 4 . 0  1 ,  0 3  

N I F ~ ~ ~ H ~ O  PP 4 0  0 .76  

HgCl2 PP 10"  0 1., 34 

Hg a 2 PP 5 "  0 0 "  79 

HgCl2 PP 5 . 0  0 "  79  

N I F ~ ~ ~ H ~ O  PP 5 . 0  1 ,  29 

N I F ~ ~ ~ H ~ O  PP 4 . 0  1. 0 3  

h?IF2e4H20 PP 4 "  0 1 . 0 3  

cuc12 PP 5"  0 1 . 6 0  

PP 5 . 0  l " 7 3  

CUG12 PP 4 . 0  1. 28 

c u  c12 PP 4 - 0  1. 28 

c u  c12 PP 4 . 0  1 28 

CU F z  PP 4 . 0  1 .  8 3  

PE 3 -  7 1,  87 

NlFz"4H20 P E  2 . 9  0 . 8 0  

Mn02 PP 8,O 1 . 7 3  

Mn02 PP 8 . 0  1 . 7 3  

M n 0 2  PP 8 . 0  1 . 7 3  

N3203 PP 4. 3 0 .97  

A N O D E  

i 

Ll 1 . 0  3. 8 

Li 1 . 0  3 .  8 

Mg 2 . 0  4 .1  

Zn 6 . 6  5 . 4  

2 .0  4 . 1  

Zn 6 . 6  5 . 4  

Mg 2 . 0  4 . 1  

Ca 

Zn 6 . 6  5 . 4  

L1 1 . 0  3 .  8 

Li 0 . 5  1 . 9  

Li 0 . 5  1 . 9  

L1 0 . 5  1 . 9  

Li 1-  0 3 .  8 

L1 1 . 0  3 .  8 

L1 1 . 0  3 .  8 

Zn 6 . 6  5 . 4  

Lt 1 . 0  3. 8 

Zn 

L1 1 . 0  3. 8 

SEPARATOR 1 
.I 

VI 
VI 

BP 0 . 6  

BP 0 . 6  

1 BP 0 . 6  

BP  0 . 6  

BP 0 .6  

BP 0 . 6  

BP 0 . 6  

BP 0 . 6  
a 
I BP 0 . 6  

BP  0 . 6  

1 BP 0 . 6  

BP  0 .6  

1 BP 0 .6  

BP  0 . 6  

BP  0 .6  

BP  0 0 6  

B P  0 .6  

BP  0 . 6  

I PVC 0.74 

BP 0 . 6  
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Continued 

' I  EXP E RIMENT AL' ' CELL DATA 

ELECTROLYTE 

0 
u 
Q) 

rj  

LiC10, 6 . 0  

LiC104 6 .0  

AC LiC104 7 . 0  ' AC MgC10, 10.0 

AC MgC104 7 .0  

AC MgClO, 10.0 

MgClO4 10.0 

MgC10, 1 0 . 0  

AC MgC104 8 .0  

BL LiClO, 8 .0  

LiClO, 8 .0  

L1C104 8 .0  I BL BL 

LiClO, 8 .0  

M F  LiClO, 8 .0  

M F  LiC10, 8 . 0  

M F  LiC104 8 . 0  

/HLO KOH 8 . 0  
-~ ~ 

BL LiC104 8 . 0  

p H 2 0  KOH 8 . 0  
- 

BL LiC104 7 . 0  

D I S C H A R G E  

3.0 10 2.6 0 39.4 0.39 

3 .0  10 2.7 0 1 3 . 2  0. 13 

0 17 .8  0.42 1.6 25 

1 . 0  25 0.9 0 5.0 

2.0 25 1 .7  0 4 . 0  

0 . 7  5 0 . 3  0 260. 0 1. 30 

1 .2  5 0 . 9  0 212.0 1.06 

2 . 3  5 1 .6  1 .8  5.0 

0. 9 5 0 .7  0 91.8 0.46 

3.7 25 3 . 3  1 . 8  6 . 6  

3 .5  25 3 .3  0 4 . 0  

3. 5 25 3.3 0 2 . 0  

3 .4  10 3 . 2  0 6 . 0  

10 3 .0  0 120.0 1 . 2 0 -  

19 .5  3 .2  0 . 9  52. 0 1. 00 

14 2.0 0 . 5  55 .0  0 . 7 7  

10 1 . 5  0 23.4 

10 3 . 5  0 60 .0  0 . 6 0  

1 . 5  25 1 . 5  0 43.0 1 . 0 5  

2.5 10 2 . 1  0 13. 2 0. 13 

REMARKS 

470 Triton XlOO i n  electrode 

470 Tri ton XlOO i n  electrode 

N 100% cathode efficiency 

-10070 cathode efficiency 

Poor anode connection 

Solvent-mix cathode 

Solvent -mix cathode 

Solvent -mix cathode 

6 570 cathode: efficiency 

Test.  temp. : t 5 "  C. 
3 Test .  temp. : t5"C.  

6 1 % cathode efficiency 

E 
I 
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TABLE IV 

SUMMARY O F  

I 
3 
I 
1 
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I Continued 

"EXPERIMENTAL" CELL DATA 

, ELECTROLYTE 

M P  LiC104 7 .0  3.3 10 

M F  LiC104 6.0  3.7 100 

M F  LiC104 6 . 0  10 

I 
I 
II 
I 
I 
I 
I 
I 
I 

DISCHARGE 

3.2 0 134.6 1.35 

2.5 0 106.6 1 . 0 7  

2.9 0 67.8 0.68 

2.8 0.5 22.5 2.25 

0 .7  188.5 1 . 8 9  

REMARKS 

7870 cathode efficiency 

8070 cathode efficiency 

1 007ot cathode efficiency 

9570 cathode efficiency 
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TABLE V 

SUMMARY OF 

2 
3 
-4 aJ 
L, 

L 1  

L -  2 

L -  3 

L 4  

L 5  

L 6  

L -  7 

L 8  

L 9  

L 10 

L - 1 1  

L-12 

L-13  

L - 1 4  

L 1 5  

L -  16 

L -  1 7  

L -  18 

L -  19  

L - 2 0  

C A T H O D E  

k 
a, a 
rl 
5 

C U F ~  PP 8 . 0  3-66  

C : F 2  PP 8 . 0  3.66 

C u F ~  PP 8. 0 3 .  66 

C U F ~  PP 8 ,  0 3.66 

C U F ~  PP 8 .0  3.66 

CU F 2  PP 8,O 3.66 

C 1.1 E2 PP 8. 0 3 .42 

C u F ~  PP 8 - 0  3 0  6 5  

C U F ~  PP 8. 0 3 0  6 8  

CU F 2  PP 8. 0 3 .66  

CU F 2  PP 8.0 3 .66  

C U F ~  PP 8,  0 3 .65 

C U F ~  PP 8. 0 3.66 

CU F 2  PP 8. 0 3.66 

c u  F 2  PP 8, 0 3 .66 

C U F ~  PP 8,O 3.66 

C U F ~  PP 8. 0 3 .  66 

Mn 0, PP 8 ,  0 1~ 98 

Mn02 PP 8. 0 1. 98 

Mn02 PP 8 . 0  1 ,  98 

A N O D E  

L1 1 . 0  3 . 8  

L1 1 . 0  3 .  8 

Ll 1 , o  3, 8 

L1 1 . 0  3 ,  8 

L1 1 . 0  3 .  8 

Li 1 .0  3 .8  

L1 1 . 0  3 .  8 

L1 1 . 0  3. 8 

L1 1 . 5  5 . 7  

L1 1 . 0  3 .  8 

L1 1 . 0  3 .  8 

Li 1 . 0  3 .  8 

L1 1 . 0  3. 8 

L1 1 . 0  3 - 8  

Ll 1 . 0  3 . 8  

L1 1 . 0  3 .  8 

L1 1 . 0  3 0  8 

L1 1 . 0  3 .  8 

Li 1 . 0  3 .  8 

L1 1 . 0  3. 8 

SEPARATION 

I BP 0.6 

I 

I 
I 

1 
0 . 6  1 
0.6  I 

BP 0 . 6  I 

BP 0 .6  

BP 0 .6  

BP  0.6 

BP  0 .6  

BP  0.6 

BP  0 . 6  

BP  0 . 6  

BP  0 . 6  

B P  0.6 

B P  0 .6  

B P  0 .6  

B P  0.6 

BP 0.6 

BP  

BP  0 - 6  

BP  

BP  0 .6  

1 
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, "LABORATORY" CELL DATA 

I I  ELECTROLYTE 

c, 

u 
U 

e, 
. 

e, c, e, E E: 
> 5 

0 
1 4 4 4 1 0 0 

M F  LiClOr 8.0 

, 1 M F  LiClO4 8.0 

M F  LiClOr 8.0 

M F  LiClO4 8.0 

M F  LiClO4 8.0 

MF LiClO4 8.0 

I M F  LiCl04 8.0 

~ 1 M F  LiC104 8 .0  

M F  LiC104 8.0 

~ I M F  LiC104 8 . 0  

BL LiC104 8.0 

M F  LiClOr 8.0 

BL LiC104 8 .0  

BL LiClO4 8 .0  

BL LiC104 8.0 

~ BL LiClO4 8.0 

I 

BL LiC104 8.0 

~ BL LiClO4 8.0 

BL LiC104 8.0 

cd 
E 
a" 
cd s 

3.4 25 3.1 0.4 40.0 1.0 

25 3.5 2.5 27.3 

20 2.9 1.1 24.0 1.86 

10 3.2 0 92.4 0.92 

25 3.0 0 40. 5 1. 01 

25 3.0 0 67.0 1.67 

25 3.3 1 .2  40.0 1.00 

21 3.2 1.3 96.0 2.02 

25 3.2 0 76.0 1.90 

10 3.0 1.2 230.0 2.30 

25 3.1 0 64.0 1.60 

10 0.4 74.0 

51 3.2 1.5 40.5 2.06 

3.44 10 2 . 0  0 3.8 

3.46 10 2.5 1 .5  7 .0  

3.44 10 2.5 1.4 7.0 

3.47 10 1.5 0 3.8 

3.66 10 2.5 0 13. 5 

66.0 3.71 10 2.7 0 

3.67 10 2.1 0 4.0 

REMARKS 
~~ 

Solvest 10s s 

Solvent lo s s 

5°C 

-40°C 

-40°C 

Approx. 113 WH/# 

5-plate cell: -40°C 

123 WH/# 

130 WH/# 

17 days 0 .  c.  stand \ 

1 7  days 0 .  c. stand 

14 days O.C.  stand 
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C A T H O D E  

I 
0 TABLE V 

A N O D E  

Mn02 PP 8 .0  1 .98  

C U F ~  PP 7 . 5  3 .  23 

C U F ~  PP 7 . 5  3 .  2 3  

C U F ~  PP 7 . 5  3 .  2 3  

C U F ~  PP 7 . 5  3 .  2 3  

Li 1 . 0  3 .  8 

Li 1 . 0  3.  8 

Li 1 . 0  3 .  8 

Li 1 . 0  3 .  8 

Li 1 . 0  3.  8 

SUMMARY O F  

1 
SEPARATION 

BP 0 .6  

B P  0 . 6  

B P  0 .6  I 
MPR 1 .1  

MPR 1.1 
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I Continued 

"LABORATORY" CELL DATA I 
ELECTROLYTE 

V 
V 

BL LiC104 8.0 

BL LiC104 6.0 

BL LiC104 6.0 I DMSO LiC104 5.0 

D I S C H A R.G E 

3..64 10 2.5 0 39.0 

3:5 25 3.2 0 18.0 

25 2.9 1.5 50. 1.25 

25 3.2 0 30.4 

10 3.0 1.5 9.0 

REMARKS 

14 days O . C .  stand 

Solvent mix cathode 

-4OPC; 80 WH/lb. 



-39- 

Figure 6 
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FIGURE 7 
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4. ACTIVITY PLANNED FOR THE SECOND QUARTER 

Studies of electrolyte sys tems will continue with the objective of 

limiting the number of electrolytes f o r  extensive cell  studies to 

three  o r  four of the m o s t  favorable systems.  

will be applied to make  the choice will include conductivity, res i s tance  

to decomposition, stability of lithium metal ,  and solubility of cathode 

mater ia l s  in the solvent. Also, discharge performance of "experi- 

mental" cells having the optimum electrode consturction available 

a t  the time, will be determined using the candidate electrolyte 

solvents before making a final choice of a sys tem for  "laboratory" 

cell tes ts .  

The c r i t e r i a  which 

Methods of producing higher efficiency positive electrodes will be 

studied extensively. 

mater ia l s  will be used in making t e s t  electrodes.  

density paper-carbon electrodes using non-aqueous mix vehicles 

(such a s  kerosene) will continue. Other planned work includes 

construction and testing of s intered electrodes,  and electrodes 

made with soluble binders.  

will be constructed in o rde r  to study the effect of var ious construction 

var iables  on the degree of polarization of the positive and negative 

electrodes.  

Both copper fluoride and other possible cathode 

Work on lower 

Tes t  cells  having reference electrodes 

1 
1 
I 
1 
1 
1 
1 
I 
1 
I 
1 
1 
I 
1 
I 
I 
1 
I 
I 



-42-  

5 .  APPENDIX 

ENERGY EFFICIENCY OF COMMERICAL PRIMARY SYSTEMS:: 

Coup1 e 

MnOz- Zn 

HgO- Zn 

Ago- Zn 

PbOz-Zn 

AgC1-Mg 

CuC1-Mg 

PbOz-Pb 

Commer cia1 
WH/lb. 

30 

53  

70  

26 

30 

30 

20 

Max. Load 
Potential 

1 .  50  

1 . 3 5  

1 . 5 0  

2 . 4 0  

1 . 6 0  

1 . 3 0  

2 . 1 0  

The0 r e ti tal** 
WH/lb. 

168  

116 

1 9 4  

190  

1 2 5  

145  

115  

P e r c e n t  
Efficiency 

1 8  

46 

36 

1 3 . 7  

24 

21 

1 7 . 4  

::Data f r o m  C. K. Morehouse, R. Glicksman, and G. S. Lozier,  Proceedings 
of I R E ,  Volume 46, Number 8, August 1958 .  -- 

:+?WH/lb. = (Max. load pot. ) (F)/combined equivalent weight; electrolyte weight 
not included, one electron change fo r  MnOz. 


